There is no agreement as to the volume of disc material to be removed. A long-term study of clinical and radiological data from patients treated by percutaneous nucleotomy was designed to identify the factors associated with favourable and unfavourable outcomes. We studied 42 patients for at least ten years; the mean follow-up was 10.9 years. They were divided into two subgroups to assess the value of preserving the nucleus pulposus in the central area of the disc.
cal details such as the approach to the disc, the puncture site, the volume of disc removed, and the type of instrumentation used vary widely. [3] [4] [5] The criteria for the selection of patients have also been inconsistent. [6] [7] [8] To be accurate and reliable, reports of long-term follow-up, in terms of both clinical outcome and radiological findings, must be limited to a single, homogenous cohort. We review our experience using PN in patients with herniated lumbar discs who underwent the original procedure using manual forceps and who were followed for at least ten years.
Patients and Methods
Between 1983 and 1998, we treated 242 patients with lumbar disc herniation by PN. Of the 50 managed between 1983 and 1988, 42 have been followed for more than ten years. Patients were excluded who were lost to follow-up or did not meet the criteria described by Mochida and Arima 9 and Mochida et al 10 for PN. These included a failed trial for at least three months of conservative treatment, age less than 40 years, no perforation of the posterior longitudinal ligament detected by CT discography, no degenerative canal stenosis on CT, no abnormal neural structures and strength greater than grade 4 on muscle testing. All patients had leg pain which was predominant over the low back pain. The series consisted of 27 men and 15 women with a mean age at the time of surgery of 27.3 years (15 to 40). The mean age at final follow-up was 38.4 years (26 to 52). The level of the herniation was L3-L4 in three patients, L4-L5 in 29, L5-transitional vertebra in five, L5-S1 in five, and L4-transitional vertebra in two, and included two patients who had herniated discs at two levels. Before PN, dynamic lateral, oblique, and anteroposterior (AP) radiographs in the standing position were obtained for all patients to measure the disc height of the affected intervertebral space using the method of Mochida et al 11 ( Fig. 1 ) and the angle of instability. Between 1986 and 1988 CT was undertaken after discography in all patients and MRI in 21. Sequential radiography and MRI were performed during follow-up in all cases and changes in disc height and the angle of instability were determined. For MRI we used a 1.0-T imaging system with a circular polarised surface coil (Magneton Impact; Siemens, Erlangen, Germany). Changes in the signal intensity of the disc on T2-weighted images were studied in the midsagittal view. 12 The hydration status of the disc on T2-weighted MR images was graded as follows: normal hydration, no apparent cleft or dehydration; slight, a small cleft or dehydration limited to the central area of the disc; moderate, a large cleft or dehydration which extended to either the cephalic or caudal vertebral junction; and pronounced, with a large cleft or dehydration which extended to both cephalic and caudal vertebral junctions. Clinical evaluation was carried out at six months, at one, two and five years and at the final follow-up, more than ten years after operation, using part of the scoring system for low back pain of the Japanese Orthopaedic Association (JOA) ( Table I) . 13 Patients with a score greater than 12 of 15 possible points were classified as a success. Low back pain was further evaluated using part of the activities of daily living scoring system of the JOA (Table II) 13 and was classified on a four-point scale as worse, unchanged, improved, or pain-free. The criterion for improvement or worsening of low back pain was arbitrarily set at a decrease or increase of 50% in symptoms.
The qualitative data are presented as a percentage. The quantitative results are reported as the mean ± standard deviation. For intergroup comparison of means, we used Student's t-test with Welch's correction. The success rate and other qualitative data were evaluated using the chisquared test for independence or Fisher's exact test, when necessary. The differences were regarded as significant when the p value was < 0.05. Evaluations after PN were reviewed by three experienced spinal surgeons who had not been involved in the procedure and were blinded to the clinical and radiological status of the patients before surgery.
Results
The mean follow-up period was 10.9 years (10 years to 13 years 1 month). Before operation. Patients were divided into two categories based on the different procedures used. Seventeen Diagram showing the measurement of the intervertebral disc height as described by Mochida et al. 11 The decreased disc height was calculated as follows: (a/A before PN -a/A at follow-up)/(a/A before PN) ϫ100%. 
were classified as group PN1 and had approximately 1g (0.8 to 1.3) of disc material removed from the posterior area of the disc using the specially designed manual forceps. These patients were operated on after April 1986. The remaining 25, in whom a large amount of disc material, including the central area of the nucleus pulposus, was removed, were classified as group PN2. The mean amount of disc removed was 3.8g (2.9 to 5.6). They had surgery before March 1986. No patient had an angle of instability greater than 10°. Neither CT discography nor MRI showed any significant difference between the groups before PN. The JOA score before surgery was the same in both groups: 7.6 ± 1.4 for group PN1 and 7.2 ± 1.2 for group PN2. Clinical outcome. After surgery, the success rate for patients in group PN1 was 71% at six months, 76% at one year, 71% at two years, 65% at five years, and 71% at the final follow-up, more than ten years after surgery. By contrast, that in group PN2 was 72% at six months, 68% at one year, 44% at two years, 36% at five years, and 36% at final follow-up. The difference in the two groups at the final follow-up was significant (p = 0.0344). The success rate for both groups together was 50%. Four patients with an unsuccessful outcome in group PN1 had a second operation through a posterior approach; three patients underwent a posterior herniotomy and one had a supplementary posterolateral fusion two years after PN. Posterior herniotomy was carried out in two patients in whom the outcome was unsuccessful, within six months of PN. Another patient suffered a recurrence of disc herniation at the same level, although he was considered a success at the six-month follow-up. The clinical condition of the patients remained stable from the two-year follow-up, except for one who was considered to be a failure at the five-year follow-up, but a success at the final review (Table  III) .
Seven of the 16 patients whose final outcome was unsuccessful in group PN2 underwent herniotomy as a second operation through the posterior approach and six had a supplementary posterolateral fusion or a posterior intervertebral bone graft. The remaining three were treated conservatively. Three posterior herniotomies were carried out at less than six months after PN, and spinal fusion was undertaken in another patient who remained symptomatic at the six-month follow-up with persistent low back pain associated with a rapid decrease in disc height. The remaining nine operations were performed in patients whose outcome was classified as a success at six months, but who developed further symptoms thereafter. Five patients had a spinal fusion and four were treated by herniotomy through a posterior approach. The indication for fusion was progressive degeneration of the disc with persistent low back pain. Three patients with a fusion and two who had posterior herniotomy in this subgroup also showed a rapid decrease in disc height before the second operation. The success rate decreased during the period from one to two years after this procedure, and two additional patients required fusion between two and five years later. Thus, the procedure in group PN2 influenced the clinical outcome one or two years after surgery (Table III) .
The decline in the JOA score was mainly due to progressive low back pain. A decrease in the activities of daily living (ADL) associated with low back pain was greater among patients in group PN2 than in group PN1. Improvement in the ADL score related to low back pain was compared between the two groups. Of the 15 patients in group PN1 who were examined one to two years after surgery, 11 were free from pain or had improved, and four were worse or unchanged. Eight of the 21 patients in group PN2 were free from pain or had improved, and 13 were worse or unchanged. The difference between the groups was significant (p = 0.048). MRI outcome. Sequential changes in disc height as measured by the method of Mochida et al 11 and reflected by the size of the intervertebral space after PN, were compared between the two groups during the period from one to two years after operation, excluding the patients who underwent a second procedure during the first postoperative year. For the patients who had a second operation during this period, the measurements were taken just before this procedure. A decrease greater than 30% of the prePN value was seen in three of 15 patients (20%) in group PN1 and 12 of 21 (57%) in group PN2. This difference was significant (p = 0.0407). The degree of the decrease was more pronounced in group PN2 and it occurred rapidly. In this group also, ten of 12 patients with a decrease in disc height complained of worse or unchanged low back pain, and three of nine without a decrease were free from pain or had some improvement in low back pain. This difference was significant (p = 0.0318). Five of the eight patients in group PN2 who had a second operation after the follow-up at one year had a decrease in disc height. This correlated with increased low back pain and an unsuccessful clinical outcome. An angle of instability greater than 10° was found in one of 15 patients (6.6%) in group PN1 and in two of 21 (9.5%) in group PN2. This difference was not significant. The changes in hydration of the disc from normal to moderate or pronounced dehydration, or from slight or moderate to pronounced dehydration, were identified by a marked decrease in intensity of the signal. Using similar criteria to those of narrowing of the intervertebral disc on plain radiographs, during the period from one to two years after PN, five of nine patients (56%) in group PN1 and nine of 12 (75%) in group PN2 showed a marked decrease in intensity of the signal in the affected disc on MRI, indicating dehydration. The difference between the groups was not significant (p = 0.3972). A significant decrease in this intensity, such as in pronounced dehydration, was not seen in group PN1, but was observed in six patients in group PN2 (p = 0.031). Five of the six patients in group PN2 complained of worse or unchanged low back pain. Eight of nine patients in group PN1 had a successful outcome and seven of the eight showed no change in the size of the herniation. Five of 12 patients in group PN2 showed a decrease in size, but it did not correlate with the clinical outcome (Figs 2 and 3).
Discussion
Although the cumulative number of patients who have undergone PN continues to grow, its long-term effect on the structure of the disc and any harmful effects have not been evaluated. 11, 14, 15 In our study the overall success rate was 71% at six months, 71% at one year, 55% at two years, and 50% at final follow-up of more than ten years. We assume that our criteria for the selection of patients did not influence the outcome after more than one year. An additional factor, other than patient selection, was suspected and changes in the technique of the procedure were considered. The success rate of patients in group PN2 significantly decreased during the period from one to two years because of progressive disc degeneration. By contrast, in group PN1 the decrease in the success rate within two years was very slight. Success at two years or at final follow-up was better in group PN1 than group PN2 (p = 0.0344). The clinical outcome also correlated closely with the decrease in disc height after PN. The height decreased rapidly after one to two years and correlated with the amount of disc removed. It is often difficult to determine the cause of low back pain precisely, especially in postoperative patients. Abnormality in any of the posterior components of the spine may cause pain, and the integrity of these structures is violated when the posterior surgical approach to the spine is used. However, PN causes minimal trauma to the posterior elements, the spinal nerve roots, and the cauda equina. It allows direct manipulation of the disc, and it is possible to quantify data for patients who continue to have low back pain after PN as a function of the precise procedure carried out. In our study we found that disc degeneration, presenting as a rapid decrease in the height of the disc or an increase in dehydration as seen on MRI, correlated closely with persistent low back pain.
Disc degeneration is intrinsically irreversible, but the intervertebral space restabilises once it narrows as the disc contracts. PN mimics the natural history of mild disc degeneration. 6, 7 The data from our study show that rapid disc degeneration correlates with a poor clinical outcome. Even when this degeneration has stabilised, as reflected by a narrowing of the intervertebral space, the route by which that state was reached, i.e., gradual or rapid degeneration, often determines the success or failure of the procedure.
For this reason every effort should be made to prevent rapid degeneration. Of much greater importance is the fact that a success rate of only 50% has been achieved at the final follow-up of ten years and aggressive procedures in which a large amount of the disc is removed are responsible for this poor outcome. Such procedures should therefore be avoided. The more closely disc degeneration after PN follows the natural course of the degeneration with ageing, 16 the better is the clinical outcome.
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